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ABSTRACT

Project GEMINI was initiated to study the sound pressure fields in a
range-independent, benign shallow water environment. The project consisted
of five separate experiments conducted at a shallow site (~20 m), a relatively
deep water site (~60 m) and a 30 m site previously studied by Rubano (1980).
The experiments were carried out at both 50 and 140 Hz with measurements
collected on two hydrophones at each site. The resulting data set was
analyzed and compared to various acoustic propagation models approved or
under consideration for inclusion in the Navy's Ocean Atmospheric Master
Library (OAML). The following models were considered in the analysis: PE,
utilizing the OAML approved LFBL database, FEPE and SNAP. FEPE and
SNAP used a Hamilton "point" geoacoustic model as bottom model inputs.

The models show varying ability to accurately model the average
transmission loss (TL) and TL data intensity fluctuations at both frequencies.
PE was not generally effective in modeling the TL data while FEPE was only
slightly more accurate. SNAP proved to be the most successful at predicting
the average TL and TL data fluctuations. SNAP was especially accurate in
modeling TL at the Rubano site where an accurate Hamilton geoacoustic
model was derived. SNAP's accuracy in modeling TL was significantly
degraded at the deep and shallow water sites, where no site-specific
Hamilton geoacoustic data existed, and the Rubano geoacoustic parameters
were used. Since the three sites were separated by only a few kilometers, the
assumption of using a single site-specific geoacoustic model over a large area

of shallow water does not seem feasible from the results of this data set.
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I. INTRODUCTION

A. BACKGROUND

With the downfall of the Soviet Union and the end of the cold war, a
shift from deep water anti-submarine warfare (ASW) to shallow water
undersea warfare (USW) has been undertaken by the Navy. The threat ofa
submarine attack in shallow water upon a friendly merchant vessel or
warship has replaced the threat of Soviet submarine attacks on US ballistic
missile submarines in the deep ocean. Concurrent with this shift in threats,
the U.S. Navy needs to better understand the physical oceanographic and
acoustic processes occurring in shallow, coastal waters and in particular, to
develop an accurate acoustic model for sound propagation in shallow coastal
waters.

Modern technology has allowed the development of quieter, more
capable diesel-electric submarines (such as Germany's type 209 and the
export Kilos from the former Soviet Union) which smaller countries are able
to afford and operate. The U.S. Navy is very concerned about the submarine
threat of such countries as North Korea with its numerous Romeo and
Whiskey class submarines, Algeria with it's two Kilo class and two Romeo
class submarines, Libya with it's six Foxtrot class submarines, and Syria
with it's three Romeo class submarines (Morton, 1993). With the recent
transfer of two export Kilo class submarines to Iran, the Navy is becoming
increasingly interested in shallow water ASW (Morton, 1993). The technical
difficulties in dealing with the rest-of-the-world (ROW) diesel submarines are




numerous. They have a low target strength and are much quieter (when not
snorkeling) than nuclear submarines. With the advent of higher capacity
batteries, the small diesel submarines are able to extend the submerged
interval between snorkel operations, thus reducing the time and opportunity
to detect a noisy snorkeling sub.

Some research efforts are now focusing attention on the development
and evaluation of shallow water propagation models which incorporate a
Hamilton (1980) sub-bottom geoacoustic "point" model to determine the
bottom loss component of the overall propagation loss. A Hamilton
geoacoustic model presents a realistic treatment of the ocean bottom in the
vertical dimension at a single location or point. Both reflection from the
sediment-water interface and refraction through the sub-bottom are
included. The Navy currently uses the Ocean and Atmospheric Master
Library (OAML) approved geoacoustic model, Low Frequency Bottom Loss
(LFBL), formerly known as BLUG (Bottom Loss Upgrade), to model low
frequency bottom interaction. This geoacoustic model was developed from
mostly deep water data for frequencies between 50 Hz and 1000 Hz and
treats the bottom as a single sediment with an acoustic basement (Etter,
1991) (see section IT A 3 for a more detailed discussion). The bottom layering
structure in shallow water is much more complex than this and LFBL may
not be an adequate shallow water approximation at low frequencies to model
sound propagation in the sub-bottom (Holland, 1992).

In shallow water, modeling propagation loss accurately means modeling
both the TL versus range curve and the TL fluctuations. Signal coherence in

shallow water is influenced by interference among propagating normal




modes which are the cause of the large range-independent TL fluctuations
frequently observed in measured TL data. In shallow water these large
fluctuations generally occur at short (1 km to 20 km) intervals. Predicting
detection ranges from deepwater figure of merit (FOM) concepts is not
meaningful when the FOM intersects the TL versus range curve several (3 to
10) times over wide (20 km) range intervals. New detection range concepts
must be developed for shallow water to account for the large (10 dB to 15 dB)
TL fluctuations along the acoustic path. The objective of this thesis is to
assess the accuracy of several propagation models using average TL and TL
fluctuations compared with measured data for several shallow water
environments. Shallow water detection range prediction concepts are not
discussed further, but provide the need to model TL range fluctuations
accurately.

Recently Lynch et al. (1991) used an inversion technique to accurately
estimate the TL fluctuations with range using data in the shallow waters off
Corpus Christi, Texas. Although this inversion technique resulted in
excellent agreement between fluctuations in modeled and observed data, the
absolute or average TL level was not estimated well and the model estimates
were "adjusted" in level and "shifted" in range to obtain a "best fit." Only a
limited amount of the total Corpus Christi data were analyzed (Lynch et al.,
1991) and the use of the Hamilton geoacoustic model at nearby measurement
sites was not addressed. Additionally, two major disadvantages arise in using
this inversion approach. First, the inversion algorithm requires an extensive
observation program to obtain high resolution propagation measurements.

Such a requirement is not likely to be possible to conduct in a hostile shallow




water area in wartime. Second, the geoacoustic parameters derived from the
inversion technique (e.g., the vertical compressional sound speed profile of
the sedimentary layers) were in disagreement with well established
geoacoustic sub-bottom features derived from seismic surveys and other
independent geoacoustic information (Matthews et al., 1985).

These disadvantages of inversion theory suggest that it is important to
start with a geologically sound Hamilton geoacoustic model imbedded in an
accurate shallow water propagation model, and integrate inversion theory
techniques to estimate the horizontal variability of geoacoustic properties
between Hamilton "point" model observations. In this thesis, the first part of
this technical approach is addressed: can propagation be accurately
estimated in a shallow water range-independent environment using only a
Hamilton "point" model ?

B. OBJECTIVE

The objective of this study is to compare model estimates of TL with low
frequency (50 Hz and 140 Hz) propagation data collected during the 1985
exercise, Project GEMINI, in the shallow waters near Corpus Christi, Texas.
The OAML approved, Navy standard shallow water propagation model,
Colossus 11, is considered inadequate to estimate TL fluctuations accurately
due to its empirical nature and hence was not considered in this study. The
acoustic propagation models selected for use in this study are the
SACLANTCEN normal mode acoustic propagation model (SNAP), finite
element parabolic equation (FEPE) model, and the Navy OAML standard
parabolic equation (PE) model. The comparison of the model TL estimates

with the observed TL data will result in both a comparison of the PE and




normal mode models as well as the Navy standard geoacoustic model LFBL
to a Hamilton "point" geoacoustic model. The TL and bottom loss models
utilized do not require an extensive acoustic survey of the area as is required
by the inversion technique of Lynch et al. (1991).
C. PROJECT GEMINI

Project GEMINI was a part of the Naval Electronics Systems Command
(ELEX-612) Bottom Interaction Program (BIP) initiated to investigate the
nature of the interaction of acoustic energy with the sea floor (Matthews et
al., 1985). GEMINI was intended to be a baseline shallow water experiment
containing as few geoacoustic complexities (i.e., range-independent sub-
bottom layering) as possible. Project GEMINI was located in shallow water
off the shores of Corpus Christi, Texas. This area is characterized by a
mildly sloping, relatively smooth bottom and horizontal sub-bottom layering,
a "benign" acoustic environment! with approximately range-independent
geoacoustic conditions. If the propagation models are to be scientifically
assessed and improved, they must be first evaluated in geoacoustically
simple shallow water areas before applying them to more complex shallow
water areas. If a propagation model does not perform well in the GEMINI
area, it is not likely to perform well in a geoacoustically more complex
shallow water area.

Project GEMINI data were obtained from researchers at the Woods Hole
Oceanographic Institute and the Naval Research Laboratory-Stennis Space
Center (NRL-Stennis) who performed the initial analysis of the data (Lynch

1 "Benign" is defined as "an environment that is simple enough for essentially all of the
assumptions and boundary conditions of acoustic field calculations to be met." (Matthews et
al., p. 21, 1985).




et al., 1991). Project GEMINI consisted of a series of five experiments. A
complete listing of date, location, bottom depth, and receiver depths of each

experiment conducted is presented in Table 1.

Table 1: A DESCRIPTION OF THE PROJECT GEMINI TEST
AREA CONDUCTED FROM 8 TO 12 SEPTEMBER 1985.

Run Date Water Location Description Receiver
# Depth Depths (m)
(m)
1 9/08/85 30 27°30°'N.97° 00" W Rubano site 15 and 29
2 9/09/85 30 27° 30" N.97°00° W Rubano site 15 and 29
3 9/10/85 62 27°30°N.96° 40' W Deep site 32 and 61
4 9/11/85 21 27°44'N.97° 00" W Shallow site 16 and 20
5 9/12/85 62 27° 30" N.96° 40" W Deep site 32 and 61

These experiments were conducted between 8 and 12 September 1985
with the Rubano site referring to the area previously studied by Rubano in
1980 (Rubano, 1980). Figure 1 shows the geographical location along with
bottom depth information for the entire area of interest. Notice that the deep
and shallow water sites are each less than 15 nm from the Rubano site. It
was hoped that the Hamilton geoacoustic model previously developed at the
Rubano site could be used at the other two sites due both to their close
proximity and the benign geoacoustic properties of the area.

The experiment consisted of towing a narrow-band noise source NRL
J15-3) at frequencies of 50 and 140 Hz away from a pair of hydrophones

moored at the locations given in Table 1. As seen in Table 1 and Figure 1,
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Figure 1: Geographical location of Project GEMINI
experimental sites located off the shores of Corpus
Christi, Texas (from Lynch et al., 1991).




the experiment was conducted at three different test sites: a relatively deep
site, a shallow site, and the Rubano site. Figure 2 is a schematic of the
experimental set up. The two receivers were placed midway in the water
column and approximately 1.5 m above the bottom, respectively. Sound
speed profiles were determined from CTD casts taken daily during the period
8-12 September. A Neil Brown, internally recording CTD was used to conduct
the CTD casts and in most cases readings were taken on both the down and
the up cast. Two weeks prior to the experiment, Hurricane Elena swept
through the Gulf of Mexico and as a result the water columns for the three

sites were fairly well mixed (Lynch et al., 1991).

Radar Ranging System Preasure
)\ ((.‘ Release
1 ¥ Surface
gt me b — . 3T = . - - - _—— S L Ml Yy s
l ! Surface Buoy
30 m Z
Synthetic 8perture
Source & 2 eesssasessssscescessesserssnes m Receiver 2
Z,=1bm
Z,=23m c=1545m/a
f,=140 He p =10 gl .
f=E0H Receiver 1
r O e 1 Z,=29m
ST NN ST NN TS NN S0 NS
Horizontally Stratified Bottom

Figure 2: The experimental geometry for Project GEMINI.
The depths indicated are for the September 9 experiment
conducted at the Rubano site (from Lynch et al., 1991).




II. ACOUSTIC MODEL SUMMARY

Propagation models used to estimate TL in shallow water will be
discussed briefly in this section. No attempt will be made to describe each
model and its applications in detail. The parabolic equation (PE) and the
finite element PE (FEPE) models are discussed in Section IT A. A
development of normal mode theory and the isospeed/hard bottom problem is
presented in Section II 2a. This is followed by a brief comparison of LFBL
and the Hamilton geoacoustic model. The sound speed profiles and the
bathymetry of the GEMINI test site areas are shown in the last part of
Section II.

A. TRANSMISSION LOSS (TL) MODELS
1. Parabolic Equation (PE)
The derivation of the parabolic equation begins with the reduced

wave equation or Helmholtz equation:

0 0’ 2.2 —
{—(—97 + [g + kin }}xp(r,z) =0 (D
CO
n = o 2
k=2 3
C,

where 1 is the refractive index, k, is the wave number, c, is the reference




sound speed. The second order differential operator in Eq. (1) is factored into

two first order complex operators using the following identity:

(@ +b*) = (a + jb)a - jb) 4
by setting

a= air (5)
and

b= Iigd; + kf’n{llj, (6)

The Helmholtz equation is then rewritten into the following form:

1 1,
a . ag 9 : a . a:) €y € )
— + j| — + kn* — —Jjl =+ k7| Y= @)
ar dz” ar az"
Backward Forward
Propagating Propagating
Energy Energy

Next, consider only forward propagating energy where the wave equation
(Eq. 1) has been reduced to a first order partial differential equation in the
range (r) variable, but a "non-sensical” (i. e., mathematically undefined)
square root operator of a second order derivative in the depth variable (2) is

introduced:

10




s (8  ,.Y
5—] _6z2+k°n Yy =0 ®

The undefined square root operator can be expanded in a Taylor Series by

rewriting Eq. (8) in the following form:

[F + kfnz} = [—é—q + k°2(n2 - 1) + kf]
Z 2

2

¥
—nl1+ L1 o). ©)
k> 4z"

The square root operator in Eq. (9) can be approximated by

,/1+xz1+g x << 1 (10)

where x is defined as:

1

a.‘?
xEIefg+(rl2—1)' 11)
The differential operator
62
= 12
92> (12)

11




is now well defined (where /1 + aa— is not) and the parabolic equation can
\f e

now be written as:

ay . 1 4 k., .
Zo=glh 4+ 2 - . 1
or ][ B 2k 92 2 (r I)J¢ (13)

The price to be paid for the PE approximation is that large source angles are
not well modeled. More terms can be retained in the expansion for /1 + x,
but the time to compute the solution increases significantly with the number
of terms calculated in the Taylor series. Thus, the Navy standard PE is valid
in deep water only where high source angle energy is not important at long
ranges. The parabolic equation can be solved efficiently for range-dependent
environments (Etter, 1991). The split-step algorithm developed by Tappert
(1977) has the advantage of being able to determine the acoustic pressure at
each range step. This makes the PE easy to interface with range-dependent
environments (sound speed, bathymetry, and geoacoustic variations) (Etter,
1991).

a. Finite Element Parabolic Equation (FEPE)

The finite element parabolic equation (FEPE) model is a
numerical solution to the PE equation for sound propagation in an ocean
overlying a sediment that supports only compressional energy propagation in
the sub-bottom. FEPE is based on very efficient algorithms and solves the
second order parabolic partial differential equation based on a Pade' series
approximation (Collins, 1991) of the square root operator (see Eq. 8 through
12) in the parabolic equation. While the split-step PE model is confined by

12




computational limitations to propagation angles less than + 40° from the
horizontal, FEPE can calculate angles up to + 89° when seven Pade' terms
are used. FEPE can handle large variations in sound speed, density, and
bathymetry, unlike the split-step PE. These features make FEPE an
attractive candidate for shallow water modeling where high angle
propagation paths are an important part of the total transmission path. Thus
it is utilized in this study to model sound propagation for the GEMINI site
with a Hamilton "point" geoacoustic model for the three sites developed as
FEPE inputs.
2. Normal Mode Model
a. The Normal Mode Solution
The normal mode solution is a complete solution to the wave
equation and avoids the limitations inherent to the parabolic approximation.
For the simple case of an isospeed sound speed profile and a hard bottom the
normal mode solution consists of a series of characteristic functions which
vary with depth (2), known as normal modes, each of which is a solution to
the wave equation. The normal mode functions are multiplied by the range
solution to the wave equation and summed to satisfy the boundary and
source conditions under consideration (Urick, 1991). The present discussion
provides a simple derivation of the normal mode solution for the environment
above using the technique of separation of variables and are developed in
this chapter for the range-independent environment only. The purpose of
deriving the solution for a simple environment is to illustrate general

characteristics of the normal mode solution explicitly that are present

13




implicitly in more complex environments requiring numerical methods to
solve the partial differential equations with boundary conditions.
The following discussion is based upon material derived from Porter (1991).
Starting with an idealized, symmetric, range-independent
acoustic waveguide, given a sound source within this layer the solution is
governed by the acoustic wave equation:
8(z — z)s(r)

1 s

where P(r,z,t) represents the acoustic pressure as a function of depth (2),
time (¢), and range (). Also, s(t) is an isotropic point source located at depth

z =z, and range r =0, c¢(z) is the sound speed, and p(z)is the density.

Assuming that the ocean surface is a pressure release surface and that the
bottom (at a depth D) is a perfectly reflecting rigid boundary, the following

boundary conditions apply:

P(r,0,t) =0,

15
D =0, (49
dz

The hard or rigid boundary is an approximation to the ocean bottom used
only to derive analytic solutions to the wave equation that illustrate
characteristics of the normal mode solution. A better approximation is that of
a layered geoacoustic, elastic boundary used in all later TL calculations for

GEMINI data. In addition, it is required that

14




P(r,z,t) -» zero for outgoing waves as r > o, (16)

A sinusoidal time dependence is assumed which leads to a pressure field with

the time-dependence:

P(r,z,t) = p(r,z)e7“'. (17)

Substituting this equation into the wave equation (Eq. 14) results in the

Helmholtz equation, or the reduced wave equation:

19( dp _a_ 1 dp) . w® __ —08(z—2)r)
;E(r ar) +olz 6z(p(z) azJ+ cz(z)p - 27r (18)

Using the technique of separation of variables a solution of the unforced, or
free field, equation (without the source) is obtained in the form:

p(r,2) = Z(2)R(r). (19)

Substituting Eq. (19) into Eq. (18) for source free space leads to the following

equation:

1/1 0( 4R 1 (| 1 98z w? | _ =8z -2,)8(r)
-ﬁ[; 5(r E)] Tz {p(z) 9z [p(z) 0z ) " c2(z)} 27r (20)

The first term within the first square bracket is a function of r only and the

term in the second square bracket is a function of z only. To satisfy Eq. (20)

15




both components are set equal to a constant. Representing this separation

constant as k°, the modal (z dependent) equation is obtained:

P(Z)gg( 1 dZ(z))+[cw2 _kg)Z(z)zo

plz) dz “(2)
Z(0)=0

—=(D) =0. (21)

This is an example of a classical Sturm-Liouville eigenvalue problem and the
properties of this equation are well known. Assuming that p(z) and ¢(z) are
real functions, there exists an infinite number of solutions (normal modes) to

the modal equation (Eq. 21) which are represented by a normal mode

function, Z, (2), and a horizontal propagation constant, k . The propagation

constants (k) are all distinct eigenvalues and the function Z (z) is the

corresponding eigenfunction. The mth mode consists of a function that has m
zeroes in the depth interval between 0 and D . All the corresponding
eigenvalues are real and are ordered such that k7 > k% >---. It can also be

shown that all the eigenvalues are less than w/c__ where c_ is the

min mimn

minimum sound speed in the water column. The normal modes or
eigenfunctions of the Sturm-Liouville problem are orthogonal if scaled by the

density in the water column:

D
J’gL(z)_ZL(_Z_) dz =0, form # n (22)
0

o(2)
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To simplify the derivation further, assume that the modes are orthonormal or

normalized so that

dz=1 (23)

27 (2)
'!,. o(2)

With this scaling, the modes form a complete orthonormal set and hence the
name "normal modes" follows. A complete set means that any arbitrary
function can be expanded in a series of all the normal modes. The pressure

field can then be written as

p(r.2) = YR, (1) Z,(2). @4

m=1

where the range functions R, (r)are, as yet, not determined. Substituting

this expression for pressure into Eq. (18) yields:

= [o(z) 9( r &R, ,
) { r 5(p(z) or )Z"’()

m=1

+R.(r) {p(z)i[pl dZ(z)} + C;”2 Zm(z)ﬂ _ D - 2) 25)

5 [li(r?ﬁrz@) Z (2) + k2R, (r) Zm(z)} — ooz —z) 26)

17




The next step is to multiply the operator

@7

to both sides of Eq. (26). Applying the orthogonality property (Eq. 23), the

following equation is obtained:

13( oR/(r) . _=8r)Z(z,)
?E[r ar )+k1R,(r)— 27rp(z,)

The solution to Eq. (28) is a Hankel function of the first kind:

R(r) = —L—Z(2)H} (k).

The full normal mode solution for the pressure field is given by;

j - (1
p(r,z) = Zm(zs)Zm(z)H ! kmr),
4p<zé>m; o'l

and using the asymptotic approximation to the Hankel function,

2 Jlkpyr— —:)

kT

H) (k1) =

the approximate solution for the pressure field is given by:
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(29)

(30)

(31)




(32)

plrz) ~ p(zs),/Swr 4,,,2‘ k-

This equation represents the complex pressure field and the magnitude of

p(r,2) transmission loss (TL) and is given by the following equation:

TL(r,z) =—201log , 33)

P =0

where

p(r) =2 (34)

is the pressure for the source in free space. Finally transmission loss can be

expressed as:

TL(r,z) —2010g (35)

1 EZ \/E'

b. The Isospeed Problem
A specific normal mode solution for the boundary conditions
given in the previous section is obtained by assuming that the sound speed ¢

and the density p in the water column are constant. The general solution to

this problem is

Z (z) =Asin+yz + Bcosvz, (36)
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where

yo= ] — R 37

The boundary conditions given in (Eq. 21) lead to:

AycosyD =0, (38)

where D is the bottom depth. Since A = 0 represents the trivial solution, the

solution must be:

~vD =(m + %)77 m=12,., (39)

k must assume the particular values given by

k. =\/w_: — [(m + %)%} , m=12,.... (40)

with the corresponding eigenfunctions, or normal modes, given by

Z,,,(z) = ‘/%sin ¥,.2- 41

Equation 40 gives the modal wavenumber %_ as a function of frequency « and

is known as the dispersion relation. Substituting Eq. (41) into Eq. (31) one

obtains a representation for the complex pressure field:
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p(r,z) = i sin(vy, z,)sin(y, 2) HY (k,r). (42)

J
2D

The magnitude of pressure is given by

Jhmr
p(r.2) =5 z )sin(vmz)eft. (43)
This leads to the following equation for TL:
TL(r,z) =—20log __PLZ)_ 44)
pr=1)|

Although the "hard bottom" boundary condition is not a good assumption for
the GEMINTI area, this solution is used to represent an "optimistic upper
bound" for transmission loss in the GEMINI test area. The individual model

data comparisons are shown in Section III.

3. Low Frequency Bottom Loss (LFBL) vs. Hamilton
Geoacoustic Model

For low frequency (< 300 Hz) propagation in shallow water the
energy propagation through the sub-bottom layers becomes significant.
LFBL, formerly called Bottom Loss Upgrade (BLUG), is the Navy's OAML-
approvéd database used to describe the acoustic reflection and sub-bottom
refraction characteristics of the ocean bottom for frequencies of 50 to 1000
Hz. Ten geoacoustic inputs are used in LFBL to describe the sub-bottom

propagation environment as shown in Figure 3. LFBL contains a thin
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surficial or "stainless steel” layer, a fluid sediment layer of variable
thickness, and a reflective sub-bottom half space (Holland and Muncil, 1992).
Figure 3 illustrates an example of a typical LFBL bottom/sub-bottom.

WATER
Water Depth D
Density p
Thin Layer
o
= Thickness d,
Thin Layer
Density p
Density Profile \\ -
SEDIMENT p K \  Attenuation
s S dg’ 1 \\\ Profile
ound Spee A
Sediment Thickness d Profile c}:z-, \ a,(|7;
g \ \\‘ -
AN 5
NN
\“. \.
v \\ 3
BASEMENT

Figure 3: A typical LFBL bottom with a "stainless steel”
thin layer (from Holland and Muncil, 1992).

LFBL is based upon a simplified model of the bottom sediment
and, as stated previously, the ocean bottom layering is much more
geoacoustically complex than assumed by this model. A full or exact
geoacoustic model is needed to adequately model the ocean sediment in
shallow water environments where there is significant energy propagating
through the bottom. Hamilton (p. 1313, 1980) defines a geoacoustic model as:

a model of the real sea floor with emphasis on measured, extrapolated,
and predicted values of those properties important in underwater
acoustics and those aspects of geophysics involving sound transmission.

In general, a geoacoustic model details the true thicknesses and

22




properties of sediment and rock layers in the sea floor. A complete model
includes water-mass data, a detailed bathymetric chart, and profiles of
the sea floor (to obtain relief and slopes).

Table 2 lists the ten LFBL parameters required as model inputs.

TABLE 2: DESCRIPTION OF LFBL PARAMETERS

PARAMETER UNITS

Ratio of sediment sound to water none

sound speed

Thin layer thickness m
Thin layer density g/ cm3
Sediment surface density g/ cm3
Sediment sound speed gradient at /s
the water/sediment interface
Surface attenuation dB/m/kHz
Attenuation gradient (constant) dB/m/! kHz! m
Attenuation exponent none
Basement reflection coefficient none
Two-way travel time 8

A realistic treatment of the sediment bottom should include all of
the sediment layers present in the area of interest. Figure 4 shows a more
accurate depiction of the sediment bottom. This more accurate representation
of the ocean bottom is called a Hamilton geoacoustic "point” model where the
geoacoustic properties are range-independent. A description of the
development of the geoacoustic model used for the GEMINI area is discussed

in Section III.
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Figure 4: A more realistic depiction of the ocean bottom,
geoacoustic environment.
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B. THE GEOACOUSTIC MODEL FOR THE GEMINI AREA
1. Background

A full Hamilton geoacoustic model is developed in this section in
order to compare SNAP and FEPE model estimates of TL to measured data
in the GEMINI area. The Navy standard PE model with LFBL will also be
used to estimate TL for comparison purposes. The Hamilton and LFBL
geoacoustic models are incorporated into the propagation models as specified
above and TL model estimates are compared to measured TL data to show
the relative accuracy of the two geoacoustic models.

A preliminary assessment of the Rubano test site area was
conducted by Matthews et al. (1985). In this assessment a Hamilton
geoacoustic model of the Rubano site was developed using historical
environmental data as well as the most recent seismic surveys of the test
area (Berryhill and Tippet, 1981). Based on this pre-assessment and study of
the regional seismic stratigraphy of the Rubano test site area, Matthews et
al. showed that the local lithology consists of a Holocene silty clay sediment
over a very fine sand, late to early Wisconsin sediment layer. Table 3
presents a simplified geological time scale to be used as a reference.

Since one of the basic prerequisites for the GEMINI experiment
was for a smooth, nearly flat environment, the assumption is made that the
geoacoustic model developed by Matthews et al. (1985) (and discussed here)
can be extended to the other two test site areas, i.e., the deep and shallow
sites, with reasonable confidence. Figure 5 shows clearly the range-
independent, nearly horizontal sediment layers characteristic of the Corpus

Christi coast line. This requirement for a benign area was critical in the
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selection of this experimental area. The development of the geoacoustic mode!l

for the Rubano site follows.

Table 3: GEOLOGIC TIME SCALE FROM THE QUATERNARY

PERIOD (FROM MATTHEWS ET AL., 1985).

PERIOD EPOCH GLACIAL STAGE SEA LEVEL
Holocene Transgression
Late Wisconsin Regression
Mid Wisconsin Transgression
Early Wisconsin Regression
Sangamon Transgression
Quaternary Late Illinoian Regression
Pleistocene Mid Hlinoian Transgression
Early llinoian Regression
Yarmouth Transgression
Kansan Regression
Aftonian Transgression
Nebraskan Regression

Tertiary Pliocene
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Figure 5: High resolution seismic reflection record across the
continental shelf of Corpus Christi (from Matthews et al., 1985).

2. Development of The Geoacoustic Model
a. The Holocene Sediment Layer

The Holocene sedimentary sequence was shown by Matthews
et al. (1985) to have a two way travel time of 23 ms. According to Hamilton
(1980) in shallow water this should relate to a silty clay sediment having a
density of 1.421 + 0.015 g/cm3 and a relative sound speed 0.994 + 0.002.
The relative sound speed is the ratio of the surface sediment sound speed to
the sound speed at the bottom of the overlying water column.

The Naval Oceanographic Office NAVOCEANO) and other
researchers (Rubano, 1980; Ross et al., 1978) conducted an experiment
during which 16 gravity core samples were collected in the Rubano test site

area. Their analysis indicated a mean density of 1.557 g/cm®and a mean
relative sound speed of 0.987. Based on the NAVOCEANO data, Matthews
et al. (1985) chose to use this site specific data to develop their geoacoustic

model.
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The compressional sound speed as a function of depth in the
sediment layer for silty clay was calculated from Hamilton (1980) using the

following linear regression equation:
V, = 85(.987) + 1.3s7 (D) 45)

where Vp is the compressional sound speed in m/s, Ss is the sound speed at

the bottom of the water column (the water-sediment interface) in m/s and D
is the depth of the sediment layer below the sea floor in meters. The
thickness of the Holocene layer does not exceed more than a few tens of
meters. As a result, the higher order terms (not shown) of the linear
regression equation (Eq. 45) used to calculate compressional sound speed
make very small contributions to the sound speed in this sediment layer and
are therefore neglected Matthews et al., 1985). The sound speed regression
equation (Eq. 45) is therefore a linear function of depth below the sea floor.
The sound speed at the bottom of the water column greatly
effects the sound speed in the first few meters of the bottom sediment. If a
periodic thermal fluctuation is applied to the water-sediment interface, a
thermal wave will propagate into the sediment. The amplitude of this wave
will decay exponentially below the water-sediment interface and the
temperature fluctuations will oscillate around a relatively stable geothermal
gradient. This geothermal gradient is a function of sediment thermal
conductivity and heat flow (Matthews et al., 1985). Lee and Cox, (1966) have
shown that these thermal oscillations can be expected to essentially cease by

a depth of approximately 3 m where the level of thermal stability is reached.
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In this study, Matthews et al.(1985) assume a depth for thermal stability of
2.5 m. This is reflected by incorporating a negative sound speed gradient in
the sediment until a depth of 2.5 m. The sound speed profile follows that of
Eq. (45) after the initial 2.5 m to a depth of 47.8 m.

The sediment density as a function of depth below the sea
floor for a silty clay bottom was calculated from Hamilton (1978). The
sediment density is considered a linear function of depth below the sea floor.

The following equation was used to calculate the sediment density:

L1135 (Ss)

- 0.155, (46)
1000

p

The regression constant (0.155) was. adjusted to match the mean surface
density of the 16 NAVOCEANO sediment coring samples.

The sound attenuation coefficients were calculated from
Hamilton (1976) and proved to be the most unreliable of all the acoustic
estimates. Assuming that the sound attenuation (dB/m) is linearly
proportional to the acoustic frequency (kHz), the proportionality constant k®
is estimated using the sediment porosity and the mean grain size (Matthews
et al., 1985). According to Hamilton (1980), the sediment porosity and the
mean grain size for silty clay are 75.9% and 8.52 ¢®, respectively. Similar
experiments in deep-water with the same sediment type indicate much lower

values for sediment porosity and mean grain size (Mitchell and Focke, 1980).

2 Proportionality constant k: a = Rf".
® Wentworth scale; ¢ = log, mm = (— log,,mm/log,, 2), where mm = grain size in
mm.
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Matthews et al. chose to use values for sediment porosity and mean grain
size between those determined by Hamilton and those values indicated by
Mitchell and Focke. Specifically, these values correspond to the lower error
bar values of sediment porosity and mean grain size determined by Hamilton
(1980). The proportionality constant used for the lower error bar value (8.0 ¢)
1s 0.03 dB/m/kHz. This value is used for the Holocene sediment layer.

Both Hamilton (1980) and Mitchell and Focke (1980) have
shown that attenuation (for silty clay) increases with depth below the sea
floor for several hundred meters. The attenuation profile was determined
using Hamilton techniques (1980) and is shown in Table 4. The linear

regression equation is as follows:

a =0.030 + 0.0016 (D) 47

where « is sound attenuation given in dB/m/kHz and D is defined as before.
Table 4 indicates large steep gradients in compressional wave
speed (V,), density (p), attenuation («), and shear speed ( V,) at the
Holocene-Pleistocene interface (47.80 m). This sharp interface along with the
water-air interface combine to form a well defined waveguide.
The shear wave speed was calculated from Hamilton (1980)

using the following regression equation:

_3.884(V)

— 5757 48
‘ 1000 : (48)
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Table 4: GEOACOUSTIC MODEL FOR THE RUBANO
EXPERIMENTAL SITE CONDUCTED 8 SEPTEMBER 1985 OFF
CORPUS CHRISTI, TEXAS (FROM MATTHEWS ET AL., 1985).

Material Depth (m) Vp (m/s) p(glcm3) o Vs (m/s)
Sea Surface 0.00 1544.58 1.0 0.0 0.0
1.70 1544.58 1.0 0.0 0.0
2.70 1544.65 1.0 0.0 0.0
3.40 1544.69 1.0 0.0 0.0
4.60 1544.72 1.0 0.0 0.0
5.60 1544.75 1.0 0.0 0.0
6.70 1544.75 1.0 0.0 0.0
7.50 1544.74 1.0 0.0 0.0
8.50 1544.79 1.0 0.0 0.0
9.70 1544.82 1.0 0.0 0.0
10.50 1544.85 1.0 0.0 0.0
11.50 1544.87 1.0 0.0 0.0
12.80 154491 1.0 0.0 0.0
13.20 1544.92 1.0 0.0 0.0
14.90 1544.97 1.0 0.0 0.0
15.60 1544.98 1.0 0.0 0.0
Sea Water 16.60 1545.00 10 0.0 0.0
17.50 1545.04 10 0.0 0.0
18.60 1545.05 1.0 0.0 0.0
19.50 1545.07 1.0 0.0 0.0
20.50 1545.09 1.0 0.0 0.0
21.60 1545.11 1.0 0.0 0.0
22.80 1545.13 1.0 0.0 0.0
23.60 1545.16 1.0 0.0 0.0
24.50 1545.17 1.0 0.0 0.0
25.60 1545.19 1.0 0.0 0.0
26.60 1545.20 1.0 0.0 0.0
27.70 1545.24 1.0 0.0 0.0
28.40 1545.25 1.0 0.0 0.0
29.80 1545.29 1.0 0.0 0.0
Water-sediment interface 30.30 1545.30 1.0 0.0 . 00
30.40 1525.2 1.58 0.030 166.88
32.80 1519.6 1.57 0.034 145.13
35.30 1522.9 1.57 0.038 157.94
Holocene silty clay 37.80 1526.1 1.58 0.042 170.37
40.30 1529.4 1.58 0.046 183.19
42.80 1532.6 1.58 0.050 195.62
45.30 1535.9 1.59 0.054 208.44
47.80 1539.1 1.59 0.058 220.86

2 o = attenuation coefficient given in dB/m/kHz.
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Material Depthm) V (mfs)  plglemd) o V. (u/s)

Holocene-Pleistocene 47.90 1737.1 1.84 0.288 435.89
boundary 50.30 1741.2 1.84 0.286 437.93
52.80 17447 1.84 0.281 439.69
55.30 1747.8 1.85 0.282 441.26
57.80 1750.4 1.85 0.280 44258
Late Wisconsin very fine 60.30 1752.8 1.85 0.277 443.80
sand 62.80 1755.0 1.86 0.275 44493
65.30 1757.0 1.86 0.274 445.96
70.30 1760.0 1.86 0.270 44751
75.30 1763.0 1.87 0.266 449.07
Late Wisconsin 80.30 1766.3 1.87 0.263 450.80
parameters extended to 85.30 1768.7 1.87 0.259 452.06
approximate mid and 90.30 17709 1.87 0.256 453.22
early Wisconsin sediments 95.30 17729 1.88 0.253 454,28
100.30 1775 4 1.88 0.250 455.61
110.30 1780.14 1.88 0.244 458 .28
120.30 17854 1.89 0.239 460,98
130.30 1790 .4 1.89 0.231 463.71

where V_ is the shear wave speed in m/s, and V, is the compressional wave

speed in m/s. This equation was used for both the Holocene and the late
Wisconsin sedimentary sequences.

b. The Wisconsin Sediment Layer

Matthews et al. (1985) have shown that the late Wisconsin

sediment layer is composed of very fine sand. According to Hamilton (1980)
this sediment type in shallow water should have a density of 1.77 g/cm® and
a relative sound speed of 1.080. Hamilton (1976) has shown that the
compressional sound speed increases at a rate depending on the nature of the
sediment (1976). Matthews et al. (1980) estimated the compressional wave

speed at the top of the late Wisconsin sediment layer to be 1737.1 m/s. This

8 ¢ = attenuation cocfficient given in dB/m/kHz.
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value was estimated by comparing the lithostatic load corresponding to the
Holocene-Pleistocene boundary (17.5 m depth) to a similar lithostatic load at
the appropriate depth for the late Wisconsin sediment layer. Table 4 gives
values for compressional sound speed calculated from Hamilton (1976) by
Matthews et al. using an initial value of 1737.1 m/s as discussed above. The
density and sound attenuation were calculated as a function of depth below
the sea floor according to Hamilton (1980) using an initial intercept value of
0.177 for density. Equation (48) was used to calculate shear speed (V,) for the

late Wisconsin sedimentary sequence as indicated in the previous section.

C. SOUND SPEED PROFILES AND BATHYMETRY OF THE
PROJECT GEMINI TEST SITE AREA

CTD casts were conducted daily during the GEMINI experiment and in
some instances twice a day. The acoustic models analyzed in this study
utilized the sound speed profiles derived from these casts. Figures 6-8 show
the sound speed profiles for the Rubano, deep, and shallow water sites,
respectively. Figure 9 presents the bathymetric profiles along the
propagation radials at each of the three sites.

A preliminary environmental assessment of the GEMINI area was
conducted by Matthews et al. (1985) and preliminary acoustic studies were
based on this assessment. This study utilizes the results reported by them
but are modified using the in-situ environmental data.

Two weeks prior to the commencement of the experiment, hurricane
Elena passed through the Gulf of Mexico which caused the water column to

become fairly well-mixed. This is evident in Figure 6 which suggests an
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Sound Speed Profiles for the Rubano Site
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Figure 6: Sound speed profiles for the Rubano site
conducted 8 and 9 September 1985. The solid line
represents the downcast and the dotted line
represents the upcast. The casts were taken 32 hr
apart.

essentially isothermal water column to 30 m depth for the 8 September
profile. Thirty-two hours later the upper 10 m shows signs of warming (9
September profile). The deep site (Figure 7) shows the presence of isospeed
water to approximately 42 m overlying a low speed (low temperature) bottom
layer approximately 10 m thick resulting in a thermocline gradient of
—0.789 57" for the 10 September profile. Two days later the 12 September
profile shows a slightly weaker thermocline at 41 m depth. The shallow site

(Figure 8) was visited once and only one CTD cast was obtained. The sound




Sound Speed Profiles for the Deep Site
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Figure 7: Sound speed profiles for the deep site
experiment conducted 10 and 12 September 1985. The
solid line represents the downcast and the dotted

line represents the upcast. No upcast data were obtained
on 12 September. The casts were taken 47 hr apart.

speed profile for the 11 September experiment indicated isothermal
conditions over the entire water column (21 m). Bathymetric information was
also determined with a high degree of accuracy along each propagation path
(Figure 9). It is clear from Figure 5 (Section II B) and Figure 9 that the
requirement for a flat, horizontally layered bottom was met. Figure 9
indicates that the bottom is mildly sl